Adsorption of lactic acid on chiral Pt surfaces - A Density Functional Theory study 
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The adsorption of the chiral molecule lactic acid on chiral Pt surfaces is studied by Density 
Functional Theory calculations. First we study the adsorption of L-lactic acid on the flat Pt(lll) 
surface. Using the oPBE-vdW functional which includes van der Waals forces on an ab initio level, 
it is shown that the molecule has two binding sites, a carboxyl and the hydroxyl oxygen atoms. 
Since real chiral surfaces are (i) known to undergo thermal roughening that alters the distribution 
of kinks and step edges but not the overall chirality and (ii) kink sites and edge sites are usually the 
energetically most favored adsorption sites, we focus on two surfaces that allow qualitative sampling 
of the most probable adsorption sites. We hereby consider chiral surfaces exhibiting (111) facets, in 
particular Pt(321) and Pt(643). The binding sites are either both on kink sites - which is the case 
for Pt(321) or on one kink site - as on Pt(643). The binding energy of the molecule on the chiral 
surfaces is much higher than on the Pt(lll) surface. We show that the carboxyl group interacts 
more strongly than the hydroxyl group with the kink sites. The results reveal rather small chiral 
selectivities on the order of 20 meV for the Pt(321) and Pt(643) surfaces. L-lactic acid is more stable 
on Pt(321) s than D-lactic acid, while the chiral selectivity is inverted on Pt(643) s . The most stable 
adsorption configurations of L- and D-lactic acid are similar for Pt(321) but differ for Pt(643). We 
explore the impact of the different adsorption geometries on the work function which is important 
for field ion microscopy. 

PACS numbers: 68. 43. Be, 68.43.Fg, 73.20.At, 88.20.rb 



I. INTRODUCTION 

Most biologically relevant molecules cannot be super- 
imposed on their mirror image, i.e. they are chiral. [H 
This ubiquitous feature has important consequences for 
biological activity of chiral molecules. Since interactions 
between these molecules are chirally specific, different 
cnantiomers of drug molecules have vastly different bioac- 
tivities. To exploit this feature it is necessary to selec- 
tively synthesize one enantiomer or to separate it from a 
racemic mixture. This, in turn requires again chirally 
selective interactions or chirally selective catalysts. 

The standard approach to produce chiral molecules is 
by homogeneous catalysis, which requires additional 
purification steps after synthesis. Q To avoid this ad- 
ditional complication it would be desirable to perform 
asymmetric synthesis, i.e. enantiopure synthesis directly 
on a surface. This necessitates a chiral surface which can 
be achieved by modifying it with chiral molecules. 0, 0- 
0] Alternatively, one can hope to exploit the intrinsic 
chirality of high Miller index metal surfaces. [8l-[l0| Since 
these surfaces are readily amenable to experimental sur- 
face science techniques [lll - fl4j as well as Density Func- 
tional Theory (DFT) calculations [ll^ due to their well 
defined structure one can hope to gain a fundamental 
understanding of the principles underlying chiral selec- 
tive properties through their study. Adsorption energet- 
ics can be studied experimentally via Temperature Pro- 
grammed Desorption. (l~9l - |22j 

An interesting feature here is that chirality can also 
arise from achiral systems due to reduction of dimension- 
ality. Racemic mixtures of molecules can form homochi- 
ral domains on surfaces. 0, UH, HH Such an effect might 



also be implicated in the emergence of homochirality ob- 
served in biological molecules. [24j This also highlights the 
qualitative differences resulting from molecule-molecule 
interactions in solution and collective behavior observed 
in molecular monolayers, an effect that might also be ex- 
ploited for chirally selective catalysts. 

Here we study one of the basic building blocks of 
green chemistry, lactic acid, on intrinsically chiral Pt 
surfaces. p5l - l27| Lactic acid is already produced on an 
industrial scale for use in food and beverages, or pharma- 
ceuticals and can be made from renewable sources. (25ll28j 
One especially important growth market is in its poly- 
merized form, polylactic acid (PL A) . [29M3ll ] Here the 
thcrmochcmical properties of the polymer depend also on 
the chirality of the monomers it was made from, which 
points to the importance of enantioselective control in 
this system. (29l. [32j PLA of limited molecular weight 
can be obtained by condensation from lactic acid. To 
economically get to the high molecular weight polymer 
needed in practice this low molecular weight polymer 
can be broken down into lactide, the condensed dimer. 
This product can be purified and subsequently used as 
a precursor to obtain high quality high molecular weight 
polymer. [Hill 

Specifically we focus here on the adsorption of the two 
cnantiomers of lactic acid on Pt(321) and Pt(643) sur- 
faces. We also study the adsorption of the molecule on 
the Pt(lll) surface that can be considered as a model 
system for the terraces of the two chiral surfaces. We 
find that lactic acid binds to Pt surfaces predominantly 
through two adsorption sites: the oxygens of the hydroxyl 
and the carboxylic groups. On the Pt(321) surface these 
two binding sites of the molecule can each be bound to 



kink atoms, which also turns out to be the most sta- 
ble adsorption configuration. On the Pt(643) surface 
one of them needs to bind to either a ridge atom or to 
be on the terrace. The most stable adsorption geome- 
try in this case depends on the chirality of the surface 
and the molecule. In reality, a chiral Pt surface might 
undergo thermal roughening under conservation of the 
global chirality. [H, 1331435} The surfaces studied here can 
be considered as a model system for this surface as the 
three surfaces offer one, two or no kink sites to bind the 
molecule to. 

We find a large increase in binding energy when com- 
paring adsorption on the Pt(lll) and Pt(643) surfaces 
and a smaller increase for Pt(643) relative to the Pt(321) 
surface. Analysis of the contributions of the carboxyl and 
hydroxyl groups to the overall binding energy on the chi- 
ral surfaces shows that the carboxylic group contributes 
most to the binding energy. Therefore, the additional 
binding energy of the hydroxyl group on the second kink 
site on Pt(321) is partially compensated by strain on the 
molecule and the carboxylic bond to the kink site. Com- 
paring the binding energies of different molecular chiral- 
ities we find a small chiral selectivity of 23 meV and 17 
meV for the Pt(321) and Pt(643) surfaces, respectively. 
This is comparable to other results of chiral molecules 
on intrinsically chiral metal surfaces. fl5T4l7l [l9| - |2l1 ] How- 
ever, because L-lactic acid is more stable on Pt(321) s 
and less stable on Pt(643) s , the overall chiral selectiv- 
ity of a roughened surface is predicted to be very small. 
To facilitate comparison to Field Ion Microscopy (FIM) 
imagery we also calculate the work function changes in- 
duced upon adsorption of the molecule. This is especially 
interesting for the Pt(643) surface since the most stable 
configurations of the two enantiomers are similar in en- 
ergy but have very different conformations. 

The remainder of the paper is organized as follows. In 
Sec. 2, we describe the parameters used in the compu- 
tations. Section 3 and 4 present the results obtained for 
adsorption on the Pt(lll) and chiral surfaces, respec- 
tively. Section 5 deals with the electronic structure of 
the different adsorption configurations. 



II. COMPUTATIONAL DETAILS 

We obtained our results with the DFT code VASP 
5.12|1HH with the oPBE-vdW functional [H, HO] 
throughout. The inclusion of the van der Waals forces 
is crucial for the adsorption of a weakly bound molecule 
since they dominate the binding energy, which was 
found by comparing to calculations using the PBE 
functional [4l| . We opted for this special version of the 
vdW-DF functional since we wanted to keep the PBE 
class of functionals while also aiming at an optimal accu- 
racy with the vdW nonlocal correlation. The Projector 
Augmented Wave method[H, |43| was employed with va- 
lence wave functions expanded up to an energy cutoff of 
400 cV. The lattice constant of Pt was determined using 
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FIG. 1: Lactic acid adsorbed on the Pt(lll) surface calcu- 
lated with the oPBE-vdW functional. 

a K-mesh of 17x17x17 in conjunction with the tetrahe- 
dron method with Bloechl corrections. Fitting of a series 
of fixed volume calculations to the Murnaghan equation 
of state gave a lattice constant of 3.999A (3.978A for the 
PBE functional). All structural relaxations are carried 
out until all forces are smaller than 10 me V/A. For all 
slab calculations dipole corrections to the potential are 
applied throughout. [lij To increase accuracy all energies 
given are calculated with evaluation of the projector func- 
tions in reciprocal space. 

The Pt(lll) is constructed 6-layer slab with the 
two topmost layers relaxed. The K-mesh was sampled 
with a 17x17x1 K-mesh and Gaussian broadening of the 
energy levels of 0.1 eV to facilitate convergence. Pt(321) 
and Pt(643) surfaces were constructed with a thickness 
corresponding to 6 layers of Pt(lll) and the upper half of 
the slabs were relaxed using 7x7x1 and 5x5x1 K-meshes, 
respectively. The general relaxation pattern is one of 
inward relaxing step edges and upward moving Pt atoms 
directly under the step edges for the chiral surfaces. It is 
similar for both PBE and oPBE-vdW functionals. 

The molecules were adsorbed on a 3x3 supercell of 
Pt(lll) and a 2x2 supercell of Pt(321), while for Pt(643) 
a single surface unit cell was used. Due to the increased 
unit cell size the K-mesh was reduced to 3x3x1 for (3x3)- 
Pt(lll) and (2x2)-Pt(321), respectively. All molecular 
degrees of freedom were allowed to relax as was the up- 
per part of the metal slab. In the case of the chiral sur- 
faces the molecules were adsorbed on the relaxed side of 
the surfaces which constitutes a Pt(321) s and a Pt(643) s 
surface. 0, H^] Adsorption energies E adsorption are given 
with reference to the isolated surface E sur f ace relaxed 
upon removing the molecule from the unit cell using iden- 
tical computational parameters and the energy of the 
molecule E mo \ 

Eadsorption E mo l on surface E sur f a ce E mo i. (1) 

Two different values for E mo i are used: (i) the energy of 
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TABLE I: Binding energies and work functions of the most stable configurations of lactic acid (L- and D-enantiomer) on the 
Pt surfaces studied. The first number in the binding energy column is calculated with respect to the molecule in the surface 
supercell (with a K-mesh like in the surface calculation). The second binding energy column gives the energy with respect to 
an isolated molecule in a large supercell. Referencing the binding energy to the isolated molecule reduces the calculated chiral 
selectivity, showing that coverage effects influence this quantity. The Hirshfeld charge of the adsorbed lactic acid molecule is 
given in the last column. 



lactic acid on 


binding energy oPBE-vdW with respect to 


work function 


Hirshfeld charge 




molecule in surface unit cell (eV) 


isolated molecules (eV) 


(eV) 


of molecule (e) 


Pt(lll) 


-0.803 


-0.838 


4.67 


0.14 


L on Pt(321) s 


-1.297 


-1.288 


4.59 


0.25 


D on Pt(321) s 


-1.274 


-1.270 


4.61 


0.26 


L on Pt(643) s 


-1.232 


-1.283 


4.92 


0.17 


D on Pt(643) s 


-1.249 


-1.289 


4.57 


0.17 



TABLE II: Binding energy component analysis for the chiral surface configurations. Binding energies of hydrogen saturated 
COH and COOH groups in the frozen adsorption geometries and deformation energies of the substrate and molecule are 
calculated. It is evident that the deformation energy is larger for the more strongly interacting Pt(321) s surface when compared 
toPt(643) s . The COOH group is bound more strongly than the COH group throughout, an effect that is much more pronounced 
on the Pt(643) s surfaces where the COH group is either far away from the surface (L-lactic acid) or bound to the (111) facet 
(D-lactic acid). For Pt(321) s the COH group is bound to a kink atom and it is much more strongly interacting than on Pt(643). 
The sum of the binding energy components considered is smaller than the actual binding energy (cf. Table HI which might 
stem from the binding energy of the neglected carbon and hydrogen atoms. 



lactic acid on 


deformation energy (eV) 


binding energy (eV) 


sum of components (eV) 




surface 


molecule 


COH group 


COOH group 




L on Pt(321) s 


0.119 


0.202 


-0.632 


-0.911 


-1.232 


D on Pt(321) s 


0.084 


0.150 


-0.717 


-0.733 


-1.219 


L on Pt(643) s 


0.073 


0.094 


-0.074 


-1.154 


-1.112 


D on Pt(643) s 


0.077 


0.086 


-0.219 


-1.098 


-1.194 



the molecule relaxed in the surface unit cell and (ii) the 
energy of the isolated molecule in a larger unit cell. The 
binding energy with respect to (i) thus removes molecule- 
molecule interactions from the adsorption energy while 
the calculation with respect to (ii) does not. 



III. LACTIC ACID ON PT(lll) 

To gain insight into the adsorption behavior of lactic 
acid on Pt surfaces we first adsorbed the molecule on a 
Pt(lll) surface. This surface can also be considered as a 
model for the (111) terraces exhibited by the Pt(321) 
and Pt(643) surfaces. The relaxation of the L-Lactic 
acid on Pt(lll) yielded an adsorption energy of 0.838 
eV. Comparing to the adsorption energy of 0.161 eV pre- 
dicted by a separate calculation using the PBE functional 
this points to the importance of van der Waals forces 
in this system. The distance between the hydroxyl and 
carboxylic oxygen atoms and the nearest Pt atoms are 
2.50A and 3.16A, respectively. These distances are pre- 
dicted to be very similar (2.55A and 3.23A) by the PBE 
functional. However, the carboxylic oxygen atoms are in 
a plane parallel to the surface in the case of the oPBE- 
vdW functional (see Fig. [T]), while for the PBE functional 
one oxygen is further away from the surface. Nevertheless 



this shows that despite the much larger binding energy 
the geometry is similar for the two functionals. 



IV. L-LACTIC ACID ON PT(321) AND PT(643) 

On the chiral surfaces Pt(321) 5 and Pt(643) s we stud- 
ied the adsorption of both enantiomers of lactic acid to 
gain insight into differences between their adsorption be- 
havior. Initial positional sampling showed that the lac- 
tic acid molecule adsorbs preferentially with its oxygen 
binding sites on the kink sites of the surfaces. Calcu- 
lated binding energies are much higher for binding to kink 
atoms, which is also consistent with findings from Tem- 
perature Programmed Desorption experiments for (R)- 
Methylcyclohexanone on chiral Cu surfaces. [2lJ There- 
fore, we tested for each surface-enantiomer combination a 
set of configurations with cither the hydroxyl or carboxyl 
group above the kink site. Rotating the molecule around 
this binding site in steps of 60 degrees then yielded the 
starting configurations from which the structural relax- 
ations were carried out. Thus, for each chirality of the 
molecule and each chiral surface 12 configurations are 
considered. On the Pt(321) surfaces, however, one ad- 
sorption configuration has both molecular binding sites 
at kink sites. Since this constitutes at the same time 



FIG. 2: Most stable adsorption configurations of L-lactic acid (a,c) and D-Lactic acid (b,d) on the chiral Pt(321) s (a,b) and 
Pt(643) s (c,d) surfaces calculated with the oPBE-vdW functional. 



the degree configuration of the hydroxyl and carboxyl 
on kink series the overall number of configurations stud- 
ied on Pt(321) for each chirality is reduced to 11. Thus, 
we calculated 24 configurations for Pt(643) and 22 for 
Pt(321) for an overall 46 structural relaxations. 

The binding energies calculated are significantly higher 
on the chiral surfaces then on the fiat Pt(lll) surface (cf. 
Table Q}. The Pt(321) s surface allows for simultaneous 
binding to two kink sites for both hydroxyl and carboxyl 
oxygen atoms (see fig. [2]) which turns out to be the most 
favorable adsorption site for both chiralities. 

In the case of Pt(643) s the most stable adsorption con- 
figurations arc with the carboxyl oxygen atom bound to 
the kink sites. For L-lactic acid the most stable configu- 
ration has the molecule standing upright above the kink 
site with the carboxyl-hydroxyl carbon bond almost par- 
allel to the surface normal so that it exhibits no hydroxyl 
oxygen bond to the surface. For D-lactic acid the most 



stable configuration is lying almost flat on the surface. 
Still, the hydroxyl oxygen is at a distance of 3.7 A to 
the nearest Pt atom, so this interaction also seems to 
be weak. Thus, for lactic acid on the Pt(643) s surface 
the hydroxyl-oxygen-surface interaction does not seem to 
play a role in the most stable configurations, while the 
carboxyl group is bound to the kink site. 

The overall chiral selectivity of the surfaces studied is 
very small. The energy differences between the configu- 
rations of the two different chiralities arc only 23 and 17 
meV for Pt(321) s and Pt(643) s , respectively, when ref- 
erencing the energy to the molecules in the surface unit 
cell. Referencing instead to the energy of the isolated 
molecule gives reduced chiral selectivities which points to 
a coverage dependency of this quantity. This reduction is 
more pronounced in the case of Pt(643) s . On Pt(321) s 
L-lactic acid is more stable, while on Pt(643) s the D 
cnantiomcr is the more stable one. The bond lengths of 
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Pt(l 1 1) substrate PDOS (scaled) 
lactic acid on Pt(l 11) PDOS 
solated molecule PDOS 




E-E p (eV) 



FIG. 3: All orbitals are projected onto atomic spheres of all atoms in the unit cell giving the Projected Density of states 
(PDOS). Summing over all PDOS values for all atoms belonging either to the lactic acid molecule or the substrate then gives 
the PDOS of the molecule and substrate, respectively. The figure shows the PDOS of the adsorption configurations of lactic 
acid on (a) Pt(lll), (b) Pt(321) s and (c) Pt(643) s . For the Pt(lll) surface the PDOS of an isolated molecule configuration 
is given for comparison, while for (b) and (c) the PDOS for the two enantiomers of lactic acid are shown. It is evident that 
the HOMO orbital is broadened and shifted to higher binding energies for adsorption on Pt(643) and especially on Pt(321) 
with respect to adsorption on Pt(lll). The gap between HOMO and HOMO-1 is also widened by a similar amount for all 
molecule-surface configurations when compared to the molecule in vacuum in (a). However, the HOMO-1 peak broadening is 
stronger for the Pt(643) surface than for the Pt(321) surface. Also evident is the close resemblance of the PDOS of different 
enantiomers on a given surface. The impact of chirality matching on the electronic structure of the molecule is thus limited, 
even for the case of different adsorption configurations on Pt(643) s . 



the different oxygens to the Pt atoms range from 2.29 A 
to 2.37 A in the case of Pt(321) 5 . On the Pt(643) s sur- 
face similar bond lengths on the kink site are observed - 
2.16 A and 2.18 A for the carboxylic oxygen. However, 
the bond lengths to the terrace Pt atoms are significantly 
longer in this case. 

To understand the role of the carboxyl and hydroxyl 
groups in the adsorption process we carried out an energy 
decomposition analysis along the lines of Ref. HH (see Ta- 
ble [ilj) . For each adsorption configuration the molecule is 
removed apart from the functional group whose binding 
energy contribution is to be evaluated. All atoms are held 
fixed in these calculations apart from the hydrogen atom 
introduced to saturate the bond of the functional group 
to the rest of the removed molecule. Also the deforma- 



tion energy of the substrate and molecule are calculated 
by evaluating their energy at their frozen adsorption ge- 
ometry upon removal of the other part, i.e. the molecule 
or the substrate, respectively. Since the binding energies 
of the molecular fragments are calculated in their frozen 
geometry, the sum of the binding energy of all compo- 
nents and the relaxation energies of the molecule and 
the substrate should give the adsorption energy of the 
whole molecule. The difference obtained in practice can 
be taken as a measure of the quality of the approximation 
made in decomposing the energies in this way. 

First of all, the relaxation energies obtained are larger 
for the Pt(321) s configurations than for the Pt(643) s 
ones. This is in line with the more strongly interact- 
ing molecules being bound to two kink sites (cf. Ta- 
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FIG. 4: Plane-averaged charge density redistributions upon 
adsorption of the lactic acid molecule enantiomers on the dif- 
ferent Pt surfaces. The substrate is at low z-values and a 
vertical brown line marks the height of the uppermost sur- 
face atom in the case of Pt(lll) and the highest and lowest 
z-values of the first layer atoms in the case of the stepped 
Pt(321) and Pt(643) surfaces. The highest and lowest atoms 
of the molecules are also marked by black dashed lines for L- 
lactic acid and and red lines for D-lactic acid. The observed 
charge redistribution pattern is very similar for all configura- 
tions which attests to the domination of the push-back effect 
in these configurations. 



ble HJ) . Secondly, the adsorption energy of the carboxyl 
group is larger than the one of the hydroxyl group for all 
configurations. On Pt(321) s the kink-bound hydroxyl 
binding energy is also sizable while it is much smaller on 
Pt(643) s . However, the carboxyl group is generally the 
dominant binding site. In the case of L-lactic acid on 
Pt(643) s the energy contribution of the hydroxyl group 
is especially small which can be attributed to the large 
distance from the surface. For D-lactic acid on Pt(643) s 
it is interacting with the facet which yields an adsorption 
energy contribution larger than for the L-lactic acid con- 
figuration but much smaller than on the kink-bound hy- 
droxyl oxygens on Pt(321) s . Interestingly, the carboxyl 
group adsorption energy is largest for the Pt(643) s con- 
figurations as this bond can be optimized due to the much 
smaller specificity of the hydroxyl bond when compared 
to the Pt(321) s configurations. The large difference be- 
tween the binding energy of the carboxyl group on the 
kink and the hydroxyl group on the facet explains how it 
is possible to detach this group from the surface for the 
most stable configuration of L-lactic acid on Pt(643) s . 



V. ELECTRONIC STRUCTURE 

To understand the bonding patterns of the lactic acid 
molecule on the different Pt surfaces we analyzed the 



electronic structure of the molecule on the different sur- 
faces. To this end, we studied the Projected Density 
of States (PDOS) for the different surface-enantiomer 
combinations. [46j We also studied the charge density re- 
distribution pattern on the surface and calculated the 
work function for all configurations. 

Fig. [3] shows that due to the adsorption process there 
are some distinct changes in the PDOS of the lactic acid 
molecule. In general the peaks corresponding to the high- 
est occupied and lowest unoccupied molecular orbitals 
(HOMO and LUMO) are broadened with the smallest 
broadening occurring for the molecule adsorbed on the 
Pt(lll) surface and the largest occurring for the Pt(321) 
adsorbed configurations. The HOMO is also shifted to 
higher binding energies with the largest shift occurring on 
the Pt(321) surface and the smallest one on the Pt(643) 
surface. Also, the gap between HOMO and HOMO-1 is 
widened with the HOMO-1 being shifted to higher bind- 
ing energies for all adsorbed molecules. These changes in 
the PDOS indicate that the bonding process involves a 
rehybridization of the HOMO and HOMO-1 states with 
electronic states of the surface. Also, a look at the spatial 
distribution of the frontier orbitals of the molecule shows 
electronic density on the binding sites, i.e. the hydroxyl 
and carboxyl groups. This is consistent with local inter- 
action at two binding sites on the Pt(321) surface, one 
binding site on Pt(643) and generally smaller interaction 
on Pt(lll) leading to progressively smaller broadening of 
the frontier orbital peaks. 

One particularly important experimental observable 
is the work function of the different surface-adsorbate 
configurations. j47| Upon adsorption of the molecule the 
distribution of the electron density of the surface is al- 
tered by the presence of the molecule. These changes are 
made up of a push-back effect of electron density towards 
the surface by the Pauli repulsion exerted on the surface 
electron density by the atoms of the molecule and the lo- 
cal charge redistribution due to the formation of chemical 
bonds. [3 El] To get an overview of the charge redistri- 
bution pattern, we calculate the charge density change 
n-di f f ( r ) upon molecular adsorption as 



n diff(r) = n ads , moL (r) 



i(r) 



,bst(r). (2) 



withn s „6 s t(r), n mo i(r) and n ads . moL (r) denoting the elec- 
tron density of the complete system, molecule and of 
the substrate, respectively. The charge densities of the 
molecule and the substrate are calculated at the frozen 
geometry of the molecule-surface system with either the 
molecule or the surface removed. It is then averaged in 
planes perpendicular to the surface normal to get the net 
contribution of the charge density rearrangement to the 
surface dipole which generates the work function changes. 

It is found that the charge redistribution pattern for 
all adsorption configurations exhibits a common feature. 
There is significant charge accumulation just above the 
surface and significant charge depletion on the molecule. 
This can be attributed to the push-back effect. The elec- 
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tron density above the pristine surface is pushed back 
towards the surface because of the Pauli repulsion of 
the electrons due to the presence of the molecule. The 
fact that the electron redistribution is very similar for 
all adsorption configurations attests to the minor impor- 
tance of chemical bonding in the charge redistribution 
patterns. While the Pt(321) configurations give quasi- 
identical plane averaged charge redistribution patterns, 
there are differences for the Pt(643) configurations. For 
L- lactic acid another dipolc layer of opposite sign is mod- 
ulated on top of the general charge redistribution pat- 
tern. This increases the work function for this particular 
adsorption configuration by 0.3 eV. We attribute its ap- 
pearance to a reduced Push-back effect as a result of the 
more upright adsorption configuration. 

VI. CONCLUSION 

We studied the adsorption of the chiral molecule lactic 
acid on the Pt(lfl), Pt(321) and Pt(643) surfaces. We 
found that the molecule adsorbs most strongly on the 
surface exhibiting the highest density of kink sites, which 
is the Pt(321) surface, closely followed by the Pt(643) 
surface. On the closely packed Pt(flf) the adsorption 
energy is significantly lower. The lactic acid molecule 
hereby shows a tendency to bind with its carboxyl group 
to the kink sites of the chiral surfaces. On Pt(321), also 
the hydroxyl group is adsorbed on a neighboring kink 
site, while the adsorption geometry in the case of Pt(643) 
depends on chirality. For the Pt(643) s surface and D- 
lactic acid the molecule lies on the (111) facet of the 
surface, while for L-lactic acid on Pt(643) s the molecule 
stands upright on the kink site. 

The chiral selectivity calculated is small at about 20 
meV for the Pt(321) and Pt(643) surfaces, when refer- 
encing the energy to the molecules in the surface unit 
cell (without substrate) but even smaller when reference 
to the energy of an isolated molecule is made. How- 
ever, the calculated chiral selectivity has opposite sign 
for the Pt(321) and Pt(643) surfaces, i.e. L-lactic acid 
is more stable on Pt(321) s and less stable on Pt(643) s . 
Experimental observation of an overall chiral selectivity 
on a real chiral Pt surface vicinal to the (111) surface is 



thus predicted to be challenging, though possible. [20l. l2~i| 
Analysis of the contributions of the carboxyl and hy- 
droxyl groups to the total binding energy shows that the 
carboxyl group is the dominant binding site, giving the 
biggest binding energy contributions. 

The adsorption process leads to a rehybridization of 
the frontier orbitals with electronic states of the surface. 
This effect is more pronounced for the most strongly 
bound configurations on Pt(321), less so for Pt(643) and 
least pronounced for Pt(lll). The charge redistribution 
of the surface due to the adsorption of the lactic acid 
molecule shows the hallmark of the push-back effect that 
pushes electron density closer to the surface due to the 
Pauli repulsion of the molecular electrons. This leads to 
a considerable lowering of the work function to values 
around 4.6 cV for all molecule-surface combinations with 
the lactic acid on Pt(lll) surface showing a work func- 
tion of 4.7 cV. An outlier in terms of work function is the 
L-lactic acid on Pt(643) s combination. Here the upright 
molecular configuration leads to a smaller push-back ef- 
fect that in turn yields a higher work function of about 
4.9 cV. 

Overall our results show that lactic acid adsorbs on 
stepped Pt surfaces predominantly through bonding of 
its carboxyl group to a kink site with the hydroxyl group 
constituting a secondary binding site. A small chiral se- 
lectivity on chiral Pt surfaces is predicted, whose sign 
depends on the exact surface studied. Adsorption geome- 
tries can depend on molecular chirality, leading to large 
changes in the work function. Especially this last effect 
should be verifiable by Field Ion microscopy or Scanning 
Tunneling Microscopy. 
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